Genes involved in dopamine (DA) neurotransmission, such as the catechol-Omethyltransferase gene (COMT ), have been suggested as key genetic candidates that might underlie the genetic basis of insight. In a sample of Chinese college students, this study examined whether COMT was associated with individual differences in the ability to solve classic insight problems. The results demonstrated that COMT was not associated with insight problem solving and there was no gender-dependent effect. This study, together with previous studies, raises the possibility of a complex relationship between COMT and insight problem solving.
INTRODUCTION
Although recent advancements in neuroscience studies of the insight phenomenon have led to a greater understanding of the brain mechanisms of insight, the genetic correlates underlying these mechanisms remain largely unknown. To explore the genetic correlates of insight, there have been attempts to identify insight-related genes. Because dopamine (DA) and DA-related brain regions (e.g., prefrontal cortex) are implicated in the cognitive processes of insight, genes involved in DA neurotransmission, such as the catechol-Omethyltransferase gene (COMT ), have been suggested as the key candidate genes.
The COMT is mapped to chromosome 22q11 and the enzyme encoded by this gene catalyzes the inactivation of monoaminergic neurotransmitters (DA, adrenalin, and noradrenalin) by extra-neuronal transfer of a methyl group to catechol compounds (Tenhunen et al., 1994) . Although being widely expressed throughout the brain, COMT appears to play a particularly important role in the degradation of DA in the prefrontal cortex (PFC).
Consistent with the role of COMT in prefrontal catecholamine degradation, the impact of COMT in modulating prefrontal-related cognitive functions has been reported in various studies. For example, genetic variants of COMT have been repeatedly implicated in different executive functions and behaviors (e.g., Bellgrove et al., 2005; e.g., Boettiger et al., 2007; Bruder et al., 2005; Malhotra et al., 2002; Paloyelis et al., 2010; Smith & Boettiger, 2012; Tunbridge et al., 2004) . There has been evidence showing that genetic variants of selection was largely based on Jiang, Shang & Su (2015) study (rs737865, rs5993883, rs4633, rs6267, rs4818, rs4680) . One putative functional SNP (rs6269) at the coding region was also included. Genotyping for all SNPs was performed by using the Sequenom MassARRAY iPLEX system. The genotyping success rate was >99.8%. For quality control, 5% of random DNA samples were genotyped twice for each SNP to calculate the genotyping error. The genotyping accuracy was 100%.
Insight problems
As previously described (Zhang & Zhang, 2016) , five verbal insight problems and five figural insight problems were used in this study (see Appendix A). All of these problems fulfilled the criterion of ''pure'' insight problems since they all necessarily require a reconstructing process for their solution (Weisberg, 1995) . Example of verbal problems: ''Lan and Hong were born on the same day of the same month of the same year to the same mother and the same father-yet they are not twins. How is that possible?'' Example of figural problems: ''How can you arrange 6 identical pencils in such as way as to form 4 identical triangles whose side areas are all equal, without modifying the pencils in any way?'' Verbal and figural problems were presented in a counterbalanced order between participants. The participants were given 2 min to solve each problem and were asked to report whether they had previous knowledge of the problems and the solutions. The average number of familiar problems was 0.34 (SD = .85). Three participants who reported being familiar with all five verbal insight problems were excluded from analyses for verbal insight problems. The accuracy rate was calculated as percentage correct on unfamiliar problems.
Statistical analysis
Hardy-Weinberg equilibrium was tested by Fisher's exact test using Plink v1.9 software (Chang et al., 2015) . Single SNP analysis and SNP × gender interaction analysis were performed under the genotypic model using linear regression in Plink v1.9. For the SNP of minor allele homozygotes <5%, minor allele homozygote carriers and heterozygote carriers were collapsed into one group for further analysis. To test the aggregate association signals considering all COMT SNPs, gene-based analysis and gene-based gene × gender interaction analysis were performed using the Multi-marker Analysis of GenoMic Annotation (MAGMA) approach (De Leeuw et al., 2015) . The MAGMA approach is based on a multiple linear principal components (PCs) regression model. By projecting the multivariate linkage disequilibrium (LD) matrix of SNPs in a gene, PCs that explain the genetic variations are first extracted. These PCs are further used as predictors of a phenotype under a linear regression framework to test the association between the gene and the phenotype. Empirical p values (p emp ) were obtained by using the permutation procedure with 10,000 permutations. Table 1 shows the average accuracy rates for total, verbal, and figural insight problems. No significant effect of age or gender was observed. The correlation between the verbal and figural insight problem solving was .32 (p < .01). Allele frequencies of the seven COMT Notes. HWE, Hardy-Weinberg equilibrium; MAF, minor allele frequency. a SNPs are listed down the column in sequential order from the 5 end to the 3 end of the sense strand of COMT. b Physical position is based on human genome assembly GRCh38.p12. SNPs in our sample were similar to those of Han Chinese in the 1000 Genomes Project (Table 2) . No significant deviation from the Hardy-Weinberg equilibrium was observed, except for rs4680 which slightly deviated from Hardy-Weinberg equilibrium in females (p = .023). Table 3 summarizes the results of the single SNP analysis and the SNP × gender interaction analysis. No significant association between SNP and insight problem solving was observed and there was no supporting evidence for the SNP × gender interaction. Moreover, the gene-based analysis did not detect any significant association (Table 4) .
RESULTS

DISCUSSION
Prefrontal DA is thought to play a key role in the cognitive processes of creativity. According to the Dual Pathway to Creativity model (De Dreu, Baas & Nijstad, 2008; De Dreu et al., 2012; Nijstad et al., 2010) , prefrontal DA is closely related to the convergent processing mode and facilitates creative insight by incremental search and systematic processes of obvious and readily available ideas. Since COMT is the main factor controlling prefrontal DA levels, it is reasonable to speculate that genetic variants of COMT may be associated with individual differences in solving insight problems.
Previous study has provided evidence for the effect of COMT on insight problem solving (Jiang, Shang & Su, 2015) . To further validate the generality of these findings, this study examined whether COMT was associated with individual differences in solving classic insight problems. According to previous study, seven COMT SNPs were genotyped and were further tested for their associations with the ability to solve classic verbal and figural insight problems. To maximize the statistical power to detect weak associations, a genebased analysis was also conducted to test the joint association of all seven SNPs. However, in contrast with previous findings, the results demonstrated that COMT was not associated with the ability to solve classic insight problems and there was no gender-dependent effect.
In this study the effect of COMT was examined in a sample of Chinese college students, while the sample of Jiang, Shang & Su (2015) consisted of Chinese high school students. Although the two samples were homogeneous in ethnic background (both samples were of Han Chinese origin and the studied SNPs showed similar allele frequencies), there were significant differences in terms of age and average accuracy for solving insight problems. It was found that college students had lower average accuracy compared with high school students. The differences in average accuracy may reflect an age-related change in PFC and prefrontal DA functions. PFC is one of the last brain regions to mature during development (Arain et al., 2013; Giedd et al., 1999; Sowell et al., 2001) . From adolescence to adulthood, the maturation of PFC is characterized by a relatively increased COMT expression and decreased prefrontal DA levels (Tunbridge, Lane & Harrison, 2007; Wahlstrom et al., 2010) . Since prefrontal DA facilitates creative insight, there might be a corresponding decrease in the ability to solve insight problems in the maturation from adolescents to adults. This may partly explain why college students had lower average accuracy.
Based on the age-related change in PFC and prefrontal DA functions, a number of studies have investigated the influence of COMT during development and provided evidence for the age-dependent effect of COMT (Barnett et al., 2007; Dumontheil et al., 2011; Gothelf et al., 2005; Gothelf et al., 2013; Meyer et al., 2016; Tunbridge, Lane & Harrison, 2007) . Considering the discrepancy between our findings and those by Jiang, Shang & Su (2015) , it could be speculated that the effect of COMT on insight problem solving might also be age-dependent. The relative increase in COMT expression (and the resulting decreased prefrontal DA levels) from adolescence to adulthood may result in changes in the relationships between COMT and insight problem solving in high school and college students. Future studies are guaranteed to test this hypothesis.
Another possible explanation for the discrepancy between our findings and those by Jiang, Shang & Su (2015) is that COMT may interact with other DA-related genes, such as dopamine D2 receptor gene (DRD2) and dopamine transporter gene (DAT1), to influence insight problem solving. Although insight problem solving, as measured by close-ended response, is thought to rely more heavily on the convergent processing mode, the divergent processing mode is also required to sample potential solutions for the problem. Thus, creative insight most likely originates from the interplay between the two processing modes (Boot et al., 2018; Cropley, 2006; Nijstad et al., 2010) . Because the two processing modes are implicated in different DA-related brain regions (convergent processing mode to the PFC and divergent processing mode to the striatum), there is the possibility that genes related to prefrontal DA (e.g., COMT ) may interact with genes related to striatal DA (e.g., DRD2 and DAT1) to influence insight problem solving. There has been evidence showing that COMT interacts with DRD2 and DAT1 to influence creative potential and creative achievement (Zabelina et al., 2016; Zhang, Zhang & Zhang, 2014) . Future studies should examine whether gene-gene interactions could explain the discrepancy.
Both this study and the study conducted by Jiang, Shang & Su (2015) used classic insight problems as insight tasks. Besides classic insight problems, there have been attempts to examine the association of COMT with other insight tasks, such as RAT. In a recent study aimed to explore the genetic correlates of convergent and divergent thinking, Han et al. (2018) investigated the association of two COMT SNPs (rs4680 and rs5993883) with RAT performance. However, to make things more complicated, this study yielded somewhat different results compared to those obtained from our study and the study conducted by Jiang, Shang & Su (2015) . Thus, to determine whether this discrepancy was caused by the use of different insight tasks and to provide a more comprehensive understanding of the relationship between COMT and insight, future studies should examine whether COMT is related to other insight tasks, such as Matchstick Arithmetic (Knoblich et al., 1999) and Rebus Puzzles (MacGregor & Cunningham, 2008) . Moreover, future studies should also include non-insight problems as control tasks and this would help to determine whether the association reflects the specific genetic contribution to insight problem solving.
Several limitations of this study should be addressed. First, the sample size of this study may not provide adequate power to detect weak associations of the very small effect size.
For single SNP analysis, the statistical power of our sample is sufficient (80% power) to detect effect size (R 2 ) greater than 0.02 (with α = 0.05). Thus, for lower effect sizes, type II error cannot be excluded. Because the insight phenomenon, like other complex traits, might be highly polygenic and influenced by thousands of genetic variants with small individual effects (Gratten et al., 2014; Manolio et al., 2009; Robinson, Wray & Visscher, 2014) , it is important for future studies to validate these results in larger samples. Second, the imbalanced gender ratio in our sample may bias the results of gender-dependent analysis (Mione et al., 2015) . Although COMT is well known to be sexually dimorphic (Chen et al., 2004; Tunbridge, Lane & Harrison, 2007) , gender-dependent effect was not observed in this study. The small sample size of male participants in our sample did not allow definite conclusions as to whether the effect was gender-dependent or due to the relative lack of male participants. Future studies are necessary to draw a definite conclusion. Third, the relatively small number of insight problems, as well as the low accuracy may result in sparse data, which could also bias the results. In this study, a total of ten insight problems were employed; however, since the average accuracy was low, the data was sparse. To account for the potential bias introduced by the sparse data in the statistical analysis, permutation test procedures were employed to generate empirical p values. Although the permutation test procedures allow for the possibility of sparse data (relaxing the assumptions about normality of continuous data), the presence of a floor effect could not be excluded. Thus, the results of this study should still be treated with caution.
CONCLUSIONS
In conclusion, in a sample of Chinese college students, this study did not demonstrate evidence for the association of COMT with insight problem solving. This study, together with previous studies, raises the possibility of a complex relationship between COMT and insight problem solving.
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